INTRODUCTION
Pneumocystis jirovecci, the causative agent in Pneumocystis (Pc) pneumonia, is a unique fungus that causes life-threatening pneumonia in immunocompromised persons [1, 2] , although the underlying mechanisms contributing to disease pathogenesis remain incompletely understood. Alveolar macrophages (AM) are the predominant resident host defense cells in the alveolar airspaces and are critical components of an effective host response to Pc [3] [4] [5] [6] [7] [8] [9] [10] [11] . Recognition of unopsonized Pc organisms by human AM is mediated predominantly via mannose receptors (MR), and results in binding and phagocytosis [12, 13] , release of reactive oxygen species (ROS) [14] , and activation of the nuclear transcription factor NF-B [15] . Our recent investigation demonstrates that Pc organisms promote the release of the chemokine IL-8 [16] , an important molecule implicated in the pathogenesis of Pc pneumonia [17] [18] [19] [20] . However, the mechanism(s) of Pc-mediated IL-8 (or CXCL8) release by macrophages have not been examined.
Macrophages recognize potential pathogens through an array of surface recognition receptors, such as MR, ␤-glucan receptors, scavenger receptors, and TLRs. The family of mammalian TLRs serves an important role in the early host defense response of innate immunity through recognition of conserved molecules derived from microbial pathogens, leading to activation of NF-B and release of host defense cytokines and chemokines. TLR2 serves a critical role in the discrimination of "self" from "infectious nonself" in the early response to Grampositive bacterial components [lipoteichoic acid (LTA) and peptidoglycans] and fungal wall components [21] . TLR2 plays a significant role in the host defense response to invasive pulmonary infection with the fungus Aspergillus fumigatus [22] . However, whether the fungus Pc activates TLR2 signaling in human AM has not been investigated. To further define the role of human AM in the innate immune response to opportunistic lung pathogens, the purpose of this study was to investigate the AM receptors that promote IL-8 release in response to Pc challenge in vitro, with particular focus on macrophage TLR2 and MR.
MATERIALS AND METHODS

Reagents
LTA (from Staphylococcus aureus and specific TLR2 ligand) and protease inhibitor cocktail were purchased from Sigma Chemical Co. (St. Louis, MO), Thermoscript RT-PCR kit was from Invitrogen (Carlsbad, CA), and analytical or HPLC-grade chloroform, methanol, and diethyl ether were from Fisher Scientific (Pittsburgh, PA). Anti-TLR2 and isotype antibody were purchased from Santa Cruz Biotechnology (CA), anti-MR antibodies were purchased from HyCult Biotechnology (Uden, The Netherlands), and anti-␤-actin antibody was from Sigma Chemical Co. Inhibitors for MEK (UO126), p38 (SB203580), and JNK (SP600125) and A/G beads were purchased from Promega (Madison, WI). Inhibitor for NF-B (SN50) was purchased from Biomol Research Laboratories (Plymouth Meeting, PA).
Human AM
Research bronchoscopy subjects included prospectively recruited healthy 18-to 55-year-old adults without evidence for active pulmonary disease and with normal spirometry. Subjects were without known risk factors for HIV infection and confirmed to be HIV-seronegative by ELISA. Pulmonary immune cells were obtained by bronchoalveolar lavage (BAL) using a standard technique as described previously [13] . All procedures were performed on consenting adults through protocols fully approved by the Beth Israel Deaconess Medical Center Institutional Review Board (Boston, MA). The cells were separated from the pooled BAL fluid as described previously [13] and counted on a hemacytometer with light microscopy. AM were isolated by adherence to plastic-bottom tissue-culture plates (3ϫ10 6 cells/well in six-well plates for Western blotting, 2.5-7.5ϫ10 5 cells/well in 24-well plates for ELISA) as described previously [23] . Isolation of AM from all healthy persons yielded cells that were Ն98% viable, as determined by trypan blue dye exclusion, and demonstrated Ͼ95% positive, nonspecific esterase staining by light microscopy.
Human embryonic kidney (HEK)293 cell line transfections
Stable cell lines of HEK293 cells expressing human TLR2 or the empty vector pcDNA (generous gift of Douglas Golenbock, University of Massachusetts, Worcester) were maintained in DMEM (BioWhittaker, Walkersville, MD), supplemented with 10% FCS and 0.5 mg G418/ml at 37°C in 5% CO 2 [24, 25] . Genetic complementation with TLR2 renders HEK293 cells responsive to TLR2 ligands [25] . For select experiments, HEK293 cells were used to generate transient transfection with human MR cDNA in a pCDM8 vector (generous gift of Phil D. Stahl, Washington University, St. Louis, MO). Briefly, 2.5 ϫ 10 5 HEK293 cells were incubated overnight without antibiotics or FCS and then transfected with pCDM8-MR (1 g/ml) using Lipofectamine for 48 -72 h at 37°C in 5% CO 2 according to the manufacturer's instructions (Invitrogen, Carlsbad, CA). Following trypsin treatment, transfected HEK293 cells were then plated onto 24-well tissue-culture plates and further cultured with Pc or LTA or maintained unstimulated as a control condition. Expression of TLR2 or MR protein was verified by Western blot.
Pc organisms
As sustainable cultivation of Pc is not possible, and Pc derived from human disease (P. jirovecci [26] ) is rarely available, Pc organisms were obtained from chronically immunosuppressed male Lewis rats (University of Cincinnati Lab Animal Medicine Facility, OH) as described previously [15] . Isolated Pc mixed-life cycle preparations yield ϳ90% trophozoite and 10% cyst forms, and viability was Ͼ85% [27] . Pc preparations were relatively free of contaminating rat-derived proteins [14] , and preparations were endotoxin-free (Ͻ1.0 endoxotin units/ml) as determined by E-toxate Limulus polyphemus assay (Sigma Chemical Co.).
Protein detection in cultured supernatants by ELISA
Human AM are incubated with Pc for 24 h at 37°C in humidified 5% CO 2. Culture supernatants are harvested and centrifuged to remove cellular debris, and aliquots were stored at -80°C until assayed. Specific immunoreactivity for human IL-8 in culture supernatants was measured by ELISA according to the manufacturer's protocol (R&D Systems, Minneapolis, MN). Samples are assayed in duplicate on a Biotek plate reader, and quantitation was performed compared with a standard curve. Select experiments used the TLR2-specific ligand LTA (S. aureus, Sigma Chemical Co.).
Flow cytometry analysis
Cell surface expression of TLR2 was determined by Epics XL flow cytometer (Beckman/Coulter, Miami, FL) as described previously [23] . Macrophages were incubated with an anti-TLR2 antibody or isotype control on ice for 60 min, washed ϫ3, incubated with a PE-conjugated secondary antibody for 30 min on ice protected from light, fixed in Optilyse (Beckman/Coulter) at room temperature for 5-10 min, and analyzed by flow cytometry. Data were expressed as a log of mean relative fluorescence units (RFU) and the percentage of cells staining positive. Samples were prepared and analyzed in duplicate, and a minimum of 5000 cells was counted for each sample.
Immunoprecipitation and immunoblotting
Adherent human AM were incubated with Pc [multiplicity of infection (MOI)ϭ10:1] for 10 min and then treated with lysis buffer [containing 1% Triton X-100, 20 mM Tris-HCl (pH 8.0), 137 mM NaCl, 10% glycerol, 2 mM EDTA, and protease inhibitor cocktail] on ice for 20 min. The Triton X-100-soluble protein was separated by centrifugation at 10,000 g for 15 min at 4°C. Lysates were subjected to immunoprecipitation and immunoblotting as described [23] .
Small interfering (si)RNA gene silencing of AM MR
To determine the specific contribution of MR to Pc-mediated IL-8 release, siRNA gene silencing was used to produce functional "knock-down" of human AM MR as described previously [15] . Experiments used the following oligonucleotide (annealed dssiRNA, Qiagen, Valencia, CA) for human MR siRNA (MR siRNA3): DNA target sequences, AAGTGGTACGCAGATTGCACG from 528 bp to 549 bp; 5Ј-GUGGUACGCAGAUUGCACG-3Ј; and 3Ј-CGUGCAAU-CUGCGUACCAC-5Ј. MR siRNA was transfected into AM using TransMessenger transfection reagent (Qiagen). dssiRNA3 specifically targeted different domains of the MR and provided the most robust suppression of MR mRNA [28] . Laminarin dssiRNA and MR sssiRNA are used as controls to examine specificity of gene silencing. The nonsilencing rhodamine-labeled siRNA is used to determine transfection efficiency.
Statistical analysis
Experimental conditions were performed in duplicate or triplicate and repeated with AM from at least three different individuals. Data were analyzed with an Apple G3 Power PC computer using StatView (SAS Institute, Inc., Cary, NC) and INSTAT2 (GraphPad Software, San Diego, CA) statistical software. Nonparametric data were analyzed by Fischer Exact test or ANOVA. Statistical significance was accepted for P Ͻ 0.05.
RESULTS
Unopsonized Pc organisms induced IL-8 release by human AM
To examine the ability of Pc to induce IL-8 release, adherent human AM were incubated with unopsonized Pc organisms, and release of IL-8 into the cultured supernatants was determined by ELISA. Unstimulated adherent human AM demonstrated minimal spontaneous release of IL-8 after 24 h (Fig. 1) . Following incubation with Pc organisms, AM IL-8 release increased over a range of increasing multiplicities of Pc:AM. As expected, LTA (TLR2 agonist) induced IL-8 release by human AM.
Neutralizing anti-TLR2 antibody reduced Pc-mediated IL-8 release by human AM To determine whether IL-8 release was dependent in part on TLR2, human AM were incubated with Pc in the presence and absence of TLR2 neutralizing antibodies. Human AM ex-pressed TLR2 as determined by flow cytometry (Fig. 2A) . As above, incubation of AM with Pc promoted IL-8 release (Fig.  2B ). However, in the presence of neutralizing antibody against TLR2, IL-8 release was reduced by 41-57%. These data suggest that Pc-mediated IL-8 release by human AM is mediated in part through TLR2.
TLR2 alone was not sufficient to mediate IL-8 release in response to Pc organisms
To determine whether TLR2 is sufficient to mediate signaling by Pc, nonphagocytic HEK293 cells were transfected with human cDNA for TLR2. HEK293 cells did not release IL-8 in response to Pc (data not shown). In unstimulated, TLR2-transfected HEK293 cells, spontaneous IL-8 release was low (Fig. 3) . Following incubation with Pc, no significant IL-8 release was detected in the cultured supernatants by 24 h. In contrast, incubation of these same TLR2-transfected HEK293 cells with LTA (a TLR2 agonist) resulted in IL-8 release as expected. These data suggested that TLR2 alone was not sufficient to induce IL-8 release in response to Pc organisms.
Functional gene silencing of human MR reduced Pc-mediated IL-8 release by human AM
For human AM, MR mediate Pc binding and phagocytosis [12] , promote release of ROS [14] , and activate NF-B [15] . To next examine the potential role of macrophage MR in IL-8 release in response to Pc, experiments used targeted functional gene silencing of MR using siRNA as previously reported [15] . As above, unstimulated, adherent human AM released low levels of IL-8, and IL-8 release increased following incubation with Pc organisms. However, following targeted gene silencing of MR, Pc-mediated IL-8 release was reduced significantly (Fig.  4) . As a control condition, TLR2-mediated IL-8 release by LTA was not influenced by targeted gene silencing of MR. These data demonstrate that specific gene silencing of macrophage MR reduced IL-8 release in response to unopsonized Pc organisms and suggested that MR contributed to Pc-mediated IL-8 release by macrophages.
MR alone
To determine the specificity of the above observations, experiments next examined IL-8 release in HEK293 cells transfected with human MR cDNA. HEK293 cells transfected with MR cDNA expressed MR protein (Fig. 5A) and released low levels of IL-8 in unstimulated conditions (Fig. 5B) , and IL-8 release did not increase in response to Pc (Fig. 5B ). As the above data with human AM suggested that TLR2 and MR may each contribute to Pc-mediated IL-8 release, experiments next examined the possible role of coexpression of these receptors using HEK293 cells cotransfected with human cDNA for TLR2 and MR. Unstimulated HEK293 cells cotransfected with TLR2 and MR expressed TLR2 and MR protein (Fig. 5A ) and released low levels of IL-8 (Fig. 5B) . In contrast to HEK293 cells transfected with TLR2 alone or MR alone, Pc stimulation 
Pc organisms promoted direct interaction of MR and TLR2 in human AM
To further define the nature and significance of the observed requirement for receptor coexpression for IL-8 release, experiments next determined whether TLR2 and MR directly interacted upon incubation with Pc organisms. Using clinically relevant human AM, immunoprecipitation by anti-MR antibodies following incubation with Pc demonstrated evidence for coprecipitation of TLR2 and MR (Fig. 6A) . As expected, MR were readily identified using anti-MR antibodies (Fig. 6A) . To demonstrate the specificity of the Pc response, TLR4 was not detected in these same immunoprecipitation specimens (Fig.  6A) . Evidence for TLR2-MR coprecipitation was also observed in experiments by immunoprecipitation with anti-TLR2 antibodies followed by immunoblotting with anti-MR antibodies (data not shown).
To determine the relative contribution of TLR2 and MR to IL-8 release, human AM incubated with Pc organisms pretreated with neutralizing anti-TLR2 antibody and siRNA targeted against MR-reduced IL-8 release up to 88% (Fig. 6B) , similar to anti-TLR2 or siRNA MR strategies alone. Taken together, these experiments demonstrate that Pc organisms promote the direct interaction of TLR2 and MR in human AM and that Pc-mediated IL-8 release is predominantly dependent on coexpression of TLR2 and MR. 
Pc-mediated IL-8 release by human AM dependent on ERK1/2, JNK, and NF-B
In general, TLR ligation may result in NF-B and MAPK signal activation [29] , and IL-8 release may be modulated by NF-B [30] or by MAPKs [30] . To determine the intracellular signaling pathways involved in Pc-mediated IL-8 release, human AM were incubated with unopsonized Pc organsisms in the presence and absence of pharmacological inhibitors of NF-B and MAPKs. Compared with Pc-stimulated human AM, IL-8 was reduced significantly in the presence of inhibitors for ERK1/2 and JNK MAPKs and for NF-B (Fig. 7) . Pharmacological inhibition of p38 MAPK did not influence Pc-mediated IL-8 release by human AM. These data demonstrate that NF-B and MAPK signal transduction pathways contribute to IL-8 release by human AM in response to Pc organisms.
DISCUSSION
This study demonstrated that unopsonized Pc organisms induced IL-8 release by human AM, increasing over a range of Pc:AM MOI in vitro. Furthermore, pretreatment of human AM
with human TLR2 cDNA alone or human MR cDNA alone. In contrast, HEK293 cells cotransfected with human TLR2 cDNA, and human MR cDNA released IL-8 in response to unopsonized Pc organisms. Taken together, these studies demonstrate that Pc-mediated IL-8 release by human AM requires the coexpression of MR and TLR2.
The current study identifies TLR2 as an innate receptor that mediates macrophage signal transduction in response to unopsonized Pc organisms. TLR2 belongs to the family of mammalian TLRs, including at least nine functional human TLR [31] . TLR2 recognizes a variety of microbial components, including fungal cell wall components phospholipomannan [32] and ␤-glucan [33] and fungal particles such as zymosan [34] , Aspergillus conidia [35] , and Coccidioides spherules [36] . TLR2 plays a significant role in the host defense response to invasive pulmonary infection with the fungus A. fumigatus [22] . Prior investigations demonstrated that Pc ␤-glucan (the structural cell wall component of the organism) mediated cytokine release by the RAW 264.7 murine macrophage cell line [37] . Although the specific receptor was not identified, Pc ␤-glucan-mediated cytokine release was independent of TLR4 expression [37] , suggesting a possible role for other TLR. The current study identifies TLR2 as contributing to Pc-mediated IL-8 release and extends the spectrum of fungal moieties that activate TLR2 to include the unique fungal pathogen Pc. The current study is supported by recent investigations using murine AM, which demonstrated TLR2-mediated release of chemokine MIP-2 in response to murine Pc [38] . This is the first study to examine the mechanism of Pcmediated IL-8 release by human AM in vitro. Our recent investigation demonstrated that Pc organisms promote the release of the chemokine IL-8 [16] , an important host defense molecule implicated in the pathogenesis of Pc pneumonia [17] [18] [19] [20] . However, the macrophage receptor(s) of Pc-mediated IL-8 release have not been identified previously. In the current study, data suggest that macrophage TLR2 and MR contribute to IL-8 release, and IL-8 release requires the coexpression of MR and TLR2. The concept of collaboration of TLR2 with another innate immune receptor is supported by reports of TLR2 and dectin-1 interaction in response to zymosan fungal particles [33] .
The finding in the current study that Pc promotes IL-8 release by AM may provide a mechanism for the neutrophil recruitment observed in the lungs of immunocompromised patients with Pc pneumonia [39] , particularly in non-HIVassociated Pc pneumonia [39] . IL-8 (or CXCL8) is a potent cellular activator and mediates chemotaxis, including neutrophil chemotaxis [30] . Neutrophils are known to phagocytose Pc organisms in vitro [40] , although the role of neutrophils in host defense against Pc remains to be fully established. Elevated IL-8 levels in the BAL fluid of persons with Pc pneumonia and elevated levels of neutrophils in the alveolar airspace are associated with poor prognosis [20] , as neutrophilia may contribute to direct lung injury [41] and contribute to disease pathogenesis [39, 42, 43] . In the current study, the finding that Pc induced IL-8 release by AM is consistent with other investigations that describe IL-8 release by human monocyte-derived macrophages in response to Pc antigen [19] . Thus, macrophages may represent one source of IL-8 in the host, but other cells such as epithelial cells may also contribute to in vivo IL-8 release in response to Pc.
In the current study, experiments demonstrated the molecular pathway for Pc-mediated IL-8 release was in part dependent on NF-B and ERK1/2 and JNK MAPKs. Although neutralizing data in the current study demonstrated dependence of TLR2 and MR coexpression in Pc-mediated IL-8 release, the specific receptor activating NF-B or MAPK pathways was not established. Although MR mediate Pc binding and phagocytosis [12] , the MR cytoplasmic tail does not contain intracellular ITAM signaling motifs [44] . In the current study, the evidence for direct interaction of TLR2 and MR supports the concept that these receptors may form a functional complex, whereby MR may capture Pc at the cell membrane, and the Toll/IL-1 receptor signaling motif of the associated TLR2 [31] may provide the necessary intracellular signal transduction via NF-B and MAPKs to promote IL-8 release, although this was not investigated specifically in the current study. Although data in the current study suggest that TLR2 dimerization with MR may be sufficient to promote IL-8 release, the possibility that other receptors (such as TLR1, TLR6, or ␤-glucan) or adaptor molecules may contribute to this cellular response cannot be excluded.
Limitations of the current study include the nature of the MR, and TLR2 interaction was not defined, although receptor dimerization could involve disulfide bonds between cysteine residues [44, 45] . TLR2 may participate in the phagocytosis of fungal particles such as zymosan [34] , although the specific role of TLR2 in Pc phagocytosis was not investigated specifically in the current study. Although nonsyngeneic factors may influence human AM responses to rat-derived Pc, similar patterns of phagocytosis [12] , NF-B activation [15] , and cytokine and chemokine release (including IL-8) [16] were observed comparing rat and human AM in response to rat-derived Pc. Finally, although in vitro observations may not reflect in vivo mechanisms, the use of primary human AM may allow more direct application to human disease.
In conclusion, these data demonstrated that in AM from healthy individuals, binding and phagocytosis of unopsonized Pc were associated with release of IL-8. Whereas previous data demonstrated that MR were sufficient for Pc phagocytosis, data from the current study suggested that MR alone were not sufficient for promoting IL-8 release by macrophages. Rather, Pc-mediated IL-8 release required the coexpression of MR and TLR2. In the context of protective early lung host defenses and early response to infectious challenge, the combinatorial pattern recognition receptor interaction may provide an effective mechanism for pathogen phagocytosis and promote the recruitment of other innate cells such as neutrophils. The current study provides important insight into the host cell innate immune response to Pc and carbohydrate receptor signaling. These findings further support the concept that combinatorial interactions of macrophage innate receptors provide specificity of host defense cell responses and regulate inflammatory cell homeostasis in response to infectious challenge.
